Zinc oxide nanoparticles were obtained directly, avoiding the calcination step, by precipitation at 70
Introduction
Zinc oxide (ZnO) nanoparticles are a very interesting material because of their practical applications in the construction of electronic, optical, and acoustic devices [1] , as well as their bactericidal properties [2, 3] , among others. In the latter, the great surface area/volume of nanoparticles makes them more attractive than those of larger size. Under the same conditions, a given quantity of ZnO nanoparticles 10 nm in diameter would release ten times the ions released by the same quantity of particles 100 nm in diameter.
Various methods for preparing ZnO nanoparticles have been investigated such as sol-gel process [4, 5] , chemical coprecipitation [6, 7] , chemical vapor deposition [8] , thermal decomposition [9, 10] , hydrothermal synthesis [11] , solid-state reaction [12] , spray pyrolysis [13] , and microemulsion precipitation [14] [15] [16] [17] [18] . These methods have allowed to obtain various ZnO structures such as nanospheres, nanorods, nanowires, and nanotubes.
Precipitation in reverse microemulsions usually leads to particles with an average diameter smaller than 10 nm and low particle size polydispersity [19, 20] . However, the preparation of ZnO nanoparticles by this method has been scarcely investigated [14] [15] [16] [17] [18] . According to these reports, ZnO nanoparticles with average diameters from 5-15 nm [14] [15] [16] 18 ] to ≈150 nm [17] have been obtained. In the early nineties, synthesis of ZnO nanoparticles via reverse microemulsions was first reported by the group of Shah [14, 15] . These authors mixed two reverse microemulsions, one containing a zinc nitrate aqueous solution and the other, an ammonium carbonate aqueous solution, to obtain zinc carbonate nanoparticles. Further calcination of this compound leaded to spheroidal nanoparticles of ZnO with 14 nm in average diameter. Later, the same group published the use of reverse microemulsions stabilized with zinc (bis etylhexyl) sulfosuccinate (synthesized by the authors) to precipitate zinc oxalate by adding oxalic acid. ZnO nanoparticles of about 5-13 nm in diameter were obtained by zinc oxalate calcination [16] . The preparation of ZnO particles via bicontinuous microemulsions was first reported by the group of Gan [17] . A solution of sodium hydroxide was added to a microemulsion containing a zinc nitrate aqueous solution to precipitate zinc hydroxide, which was further calcined to obtain spherical shaped-ZnO particles. However, these particles were very large (ca. 150 nm in diameter). This unusually large particle sizes obtained via microemulsion precipitation was ascribed by the authors to grain growth and particle agglomeration during the calcination process. More recently, Inoguchi et al. [18] reported the preparation of spherical shaped ZnO nanoparticles as small as 5 nm in average diameter. These particles were obtained by direct precipitation in a reverse microemulsion containing an aqueous solution of sodium hydroxide to which an alcoholic solution of zinc diethoxide was added.
In the quoted works on preparation of ZnO particles via microemulsion, data on the productivity of the used process are not included. However, calculations carried out from available data in those documents show theoretical productivity, in g of ZnO per 100 g of microemulsion, ranging from 0.2 [14, 15] and 0.7 [17] to 2.0 [16] . It is noteworthy that the highest productivity was obtained using a noncommercial surfactant, which was synthesized by a somewhat complex route.
Higher productivity in microemulsion precipitation can be achieved by using bicontinuous microemulsions [21] [22] [23] . Unlike reverse microemulsions, which contain low aqueous phase concentrations (normally ≤15 wt.%), bicontinuous microemulsions can have up to 40-50 wt.% [24] . This is due to differences in nanostructure; while reverse microemulsions are made up of nanodroplets of the aqueous phase dispersed in an oleic continuous phase, bicontinuous microemulsions are formed by interconnected aqueous channels with diameters usually less than 10 nm, immersed in an oleic continuous phase [24] . Because of the higher aqueous phase concentration (where precipitation reactions occur), it is expected that an increase in the productivity of precipitated nanoparticles could be achieved through the use of bicontinuous microemulsions.
In this paper, we report the use of bicontinuous microemulsions as media for precipitating ZnO nanoparticles in a direct way, which avoids the calcination step. To our best knowledge, this is the first document in the specialized literature reporting this fact. Microemulsions containing aqueous solution of zinc nitrate and toluene as organic phase were stabilized with the mixture of surfactants sodium bis (2-ethylhexyl) sulfosuccinate (AOT)/sodium dodecylsulfate (SDS), in a weight ratio of 2/1. Precipitation reactions were carried out at 70
• C by dosing an aqueous solution of sodium hydroxide to the microemulsions. We studied the effect on morphology and particle size of concentration of sodium hydroxide solution and its addition on microemulsion at different dosing times. 
Materials and Methods

Precipitation Reactions.
All the precipitation reactions were performed in duplicate (set 1 and set 2) at 70
• C in a 100 mL jacketed glass reactor equipped with a reflux condenser and inlets for the microemulsion and NaOH aqueous solution feed. Composition of the bicontinuous microemulsions was the same in all precipitation reactions, and it was chosen based on electrical conductivity and rheological measurements of selected samples of mixtures AOT/SDS (2/1, wt./wt.), 0.7 M Zn(NO 3 ) 2 ·6H 2 O aqueous solution and toluene. The chosen microemulsion was composed of 40.5 wt.% surfactant, 32.5 wt.% 0.7 M zinc nitrate aqueous solution, and 27 wt.% toluene. The typical procedure for the precipitation reaction started with loading the reactor with the microemulsion (100 g) and then raising temperature to 70
• C, while applying magnetic agitation. After that, the dosing of aqueous solution of NaOH, prepared at two concentrations (20.8 and 41.6 wt.%), was started using a calibrated dosing pump KdScientific KDS-210 with a standard deviation less than 1%. Three dosing times of this solution (15, 30 , and 100 min) and the addition by shooting (1 min) were assayed. After dosing was over, the completion reaction was allowed to proceed for 30 min (postaddition time) and then acetone was added to precipitate the solids in the final reaction mixture. Afterward, the precipitate was washed at least seven times with water-acetone (81/19, wt./wt.) and then dried.
Characterization.
Electrical conductivities of a series of samples with composition inside the one-phase region were measured at 70
• C and 1 kHz with a Hach Sension 5 conductivity meter. Rheological behavior of some of those samples was determined in an oscillating rheometer Paar Physica UDS 200 using a concentric-cylinder configuration. X-ray analysis of the powders was carried out with a Siemens D-5000 diffractometer using Cu-K α (λ = 1.5418Å) as incident radiation. The size and morphology of the particles were determined in a JEOL JSM-7401F scanningtransmission electron microscope (STEM), for which samples were prepared by dispersing the resulting powders in acetone with ultrasonication and then depositing the dispersion on a copper grid.
Results and Discussion
According to our findings reported elsewhere [25] , the partial phase diagram of the system AOT/SDS (2/1, wt./wt.), 0.7 M Zn(NO 3 ) 2 ·6H 2 O aqueous solution and toluene at 70
• C shows a transparent, single phase (1θ) region, which extends from the toluene-rich part toward the central part of the diagram. This suggests that at least a part of this region corresponds to microemulsions. To choose a bicontinuous microemulsion composition in which to perform the precipitation reactions, measurements of electrical conductivity and rheological behavior at 70
• C were carried out. For this, a series of samples with aqueous phase concentrations between 5 and 40 wt.% and a fixed ratio surfactants/toluene 60/40 (wt./wt.) were prepared. This ratio was chosen because of all of the samples prepared using it are inside the single Journal of Nanomaterials phase region up to 42 wt.% aqueous phase. The conductivity results are shown in Figure 1 . Conductivity values as high as ≈700 μS/cm at 15% aqueous phase, which grows almost linearly as the aqueous phase concentration increases, up to values higher than 4,000 μS/cm at 40%, can be seen here. The large conductivity values and the position of the samples composition in the medium-high part of the diagram rule out they are reverse microemulsions. This type of microemulsions shows very low electrical conductivities because of its discontinuous nanostructure [26, 27] . In contrast, bicontinuous microemulsions show higher capacity for conducting electrical current as a result of having a continuous aqueous phase [27] [28] [29] [30] [31] . In spite of their transparency and high capacity for conducting electrical current, not all the measured samples with aqueous phase concentration higher than 15% are bicontinuous microemulsions. This is because it is well known that systems with high surfactant concentrations (typically >45-50%) would form lamellar systems, such as liquid crystals. The identification of the bicontinuous microemulsions could be carried out based on the rheological behavior of those samples. It is known that microemulsions are Newtonian fluids with relatively low viscosities [32] , in contrast with the non-Newtonian behavior and high viscosities of lamellar systems [33] .
The graphs of shear stress (σ) versus shear rate (γ) for samples prepared with the fixed ratio surfactants/toluene 60/40, wt./wt. and 30, 32.5, 35, 37.5, and 40 wt.% of 0.7 M Zn(NO 3 ) 2 ·6H 2 O aqueous solution are shown in Figure 2 . Samples with aqueous phase concentrations lower than 30% were not measured because they were not interesting for our work. In all cases, experimental data in the graphs of Figure 2 were fitted to a straight line passing through the origin with a correlation factor >0.99, thus illustrating the Newtonian behavior over the shear rate studied. This behavior arises from the fact that a microemulsion is actually a fluctuating entity in dynamic equilibrium with a very short time and length scale for rearrangement after a perturbation [33] . Thus, the main relaxation process in microemulsions is very fast, not affecting viscosity, at least at the upper limit of the shear rate studied. In accordance with Newton's Law of viscosity, the viscosity of the samples can be determined from the slopes of the straight lines in Figure 2 . At 70
• C, the samples show relatively low viscosities, ranging between 34 and 40 cP. From the electrical conductivity and rheological measurements, it was concluded that those samples with the fixed ratio surfactants/toluene 60/40, wt./wt. and concentrations of 0.7 M Zn(NO 3 ) 2 ·6H 2 O aqueous solution between 30 and 40 wt.% are bicontinuous microemulsions. From here, a bicontinuous microemulsion with 32.5 wt.% aqueous phase was chosen for carrying out the precipitation reactions.
All the precipitation reactions in which only ZnO was obtained rendered a white powder at the end of the process. Figure 3 shows the X-ray diffraction pattern (XRDP) of the final products obtained in set 1 of precipitation reactions using the 20.8 wt.% NaOH solution. Here, the patterns of the product obtained when NaOH solution was added by shooting (Figure 3(a) ) showed only those characteristic peaks corresponding to ZnO with a hexagonal wurtzite crystal structure, space group P63mc, as indicated by the XRDP of ZnO (Figure 3(f) ), which was taken from literature [12, 34] . XRDP of the rest of the products showed in addition the main characteristic peaks of Zn(NO 3 ) 2 (arrows in Figures  3(b) , 3(c), and 3(d)) in accordance with its XRDP, which was taken from the library of our X-ray diffractometer. In contrast, Figure 4 shows that when 41.6 wt.% NaOH solution was used, all of the products display only the peaks of ZnO with a hexagonal wurtzite crystal structure, no matter the dosing times used in precipitation reactions. Furthermore, the absence of peaks different to those characteristic of ZnO in Figures 3(a) and 4 suggests that high-purity ZnO particles were obtained. XRDPs (not shown) of the products obtained in the replica of precipitation reactions (set 2) are similar to those of set 1 shown in Figures 3 and 4 . The absence of Zn(NO 3 ) 2 peaks in the XRDP of the samples in Figures 3(a) and 4 can be ascribed to (i) that precipitation reaction was practically completed, or (ii) that the precipitation reaction was not completed but all the residual Zn(NO 3 ) 2 was eliminated throughout the washing process. Because all the products were subjected to the same washing process, it is believed that when no Zn(NO 3 ) 2 peaks appear in the XRDPs the precipitation reaction was completed. The data indicate that when using the NaOH/Zn(NO 3 ) 2 , stoichiometric ratio (20.8% NaOH solution) the precipitation reaction was completed only when this solution was added by shooting. On the other hand, all the precipitation reactions were completed when twice the NaOH/Zn(NO 3 ) 2 stoichiometric ratio (41.6% NaOH solution) was used, no matter the dosing times. This behavior could be due to the higher concentration of precipitating agent in the reaction sites, when 41.6 wt.% NaOH solution was used. This condition accelerates the reaction rate. It is possible that the precipitation reaction performed with 20.8 wt.% NaOH solution was also completed when this solution was added by shooting, because of the high NaOH concentration in the reaction sites, as a result of the rapid addition of the precipitating agent.
Something that draws attention is the direct synthesis of ZnO achieved in this work. Lim et al. [17] reported the precipitation of Zn(OH) 2 in bicontinuous microemulsion, which was further calcined for obtaining ZnO. In contrast with us, these authors used lower reagent concentration: 0.5 M aqueous solution Zn(NO 3 ) 2 and 1.0 M aqueous solution precipitating agent (ammonium hydroxide). We used 0.7 and 10.0 M, respectively. In addition, they carried out the precipitation reaction at room temperature. From this, it is clear that our reaction conditions were drastic enough for immediate oxidation of Zn(OH) 2 , formed by the reaction of Zn(NO 3 ) 2 and NaOH, to form ZnO [12] . In fact, Zhu and Zhou [12] reported the direct synthesis of ZnO nanoparticles in solid-state reaction only when they used a molar ratio NaOH/ZnSO 4 .7H 2 O as high as 4. Table 1 shows the mean productivities and yields of those precipitation reactions (sets 1 and 2) in which only ZnO was obtained. Data in this table indicate productivities between 1.3 and 1.6 g of ZnO particles per 100 g of microemulsion and reaction yields relatively high (83-89%). Furthermore, these indicators were not affected by the studied variations in the conditions of the precipitation reactions. Productivities in this study are significantly higher than the highest productivity value, 0.7 g of ZnO particles per 100 g of microemulsion, calculated from data reported in the literature on preparation of ZnO nanoparticles via microemulsions using commercial surfactants [17] . While there is a higher productivity value, 2.0 g of ZnO particles per 100 g of microemulsion, also calculated from those data, the microemulsion used was stabilized with a noncommercial surfactant, which requires a somewhat complex synthesis [16] .
Micrographs of some of the final products from the precipitation reactions (set 1) are displayed in Figures 5  and 6 . Micrographs in Figure 5 correspond to precipitations performed with the addition by shooting of the 20.8% ( Figure 5(a) ) and 41.6% ( Figure 5(b) ) NaOH solution. Particles in these figures show an acicular rod-like morphology. To characterize these particles, diameter and length of more than 500 of them were measured from different micrographs of each of the samples. In this and in the rest of the following measurements, the largest diameter of the acicular particles was taken. Histograms of distribution of diameters and lengths are also included in Figure 5 . Particle size data in histograms allowed us to calculate number-average diameter (D n ) values of 9.0 and 8.5 nm and average lengths of 30.2 and 30.6 nm for the precipitation products with 20.8 and 41.6% NaOH solution, respectively. Figure 6 displays micrographs from products of some of the precipitations carried out with 41.6% NaOH solution (set 1). Figures 6(a) and 6(b) correspond to 15 and 100 min dosing time, respectively. An inspection of the particles in Figure 6 (a) shows an acicular rod-like morphology. Measurements of diameter and length of around 300 particles from different micrographs are reflected in the histograms included in Figure 6 (a). From here, values for D n and average length of 9.5 and 23.3 nm, respectively, were obtained. The average dimensions of these particles are somewhat similar to those obtained when using the same NaOH solution concentration, but added by shooting ( Figure 5(b) ). On the other hand, Figure 6 (b) shows that in spite of a predominance of acicular rod-like morphology, there are also plate, elongated plate, and spheroidal morphologies. Because of this variety of structures, only particle diameter measurements were carried out on the corresponding micrographs. From the counting of around 200 particles, the histogram in Figure 6 (b) was elaborated and a D n of 21.1 nm was obtained.
An inspection of the micrographs (not shown) of the final products from set 2 of precipitation reactions confirms the acicular rod-like morphology of the particles obtained when NaOH solution at the two studied concentrations was added by shooting and when the 41.6% NaOH solution was dosed in 15 min. The mixture of plate, elongatedplate, spheroidal, and acicular rod-like morphologies with predominance of the latter was also observed in the final product obtained using the 41.6% NaOH solution dosed in 100 min.
A similar procedure to that described above was performed using the micrographs of the final products from set 2 of precipitation reactions. The particle average dimensions calculated from the D n and average lengths values obtained in set 1 and 2 of precipitation reactions are shown in Table 2 . Data in this table and the micrographs in Figure 5 indicate that the structure and size of nanoparticles were not affected by the increase in NaOH solution concentration, at least when this solution was added by shooting. Moreover, it appears that particle size increases as the dosing time of the NaOH solution strongly increases, that is, as the total processing time strongly augments. Thus, when NaOH solution is added by shooting, total processing time is 31 min, including the postaddition time. In contrast, when this solution is dosed in 100 min, total processing time is 130 min. This difference could be very important in determining particle size, because of the postulated mechanism for the formation and growth of particles in bicontinuous microemulsions [23] . According to this mechanism, when NaOH solution is dosed on the bicontinuous microemulsion, this solution containing Na + and − OH ions diffuses into the channels in which Zn ++ and − NO 3 ions are confined. Under these conditions, the precipitation reaction occurs forming Zn(OH) 2 molecules, which oxide to ZnO. A fraction of these molecules clusters generating nuclei in some points of the channels. Thereafter, nuclei can grow by two mechanisms: (i) recruiting molecules or clusters of ZnO and (ii) by aggregation as a consequence of interparticle collisions. These collisions occur between neighboring particles inside the channels of the microemulsion, as well as between particles from different channels when these channels collide. Unlike precipitation in reverse microemulsions, where particles are protected by a surfactant film and so, usually only a small fraction of the interparticle collisions leads to aggregation [35] , particles within the channels of bicontinuous microemulsions are not protected with any surfactant film. Thus, compared with what happens in reverse microemulsion precipitation, a greater particle aggregation should be expected in precipitation in bicontinuous microemulsion, mainly when total processing times are long. The formation of acicular morphologies suggests a one-dimensional aggregation, which also has been observed in chemical coprecipitation of ZnO nanoparticles, where larger particles were obtained [34] . It is believed that the smaller particle sizes obtained in precipitation in bicontinuous microemulsions, compared with those obtained in chemical coprecipitation [34] and solid-state reaction [12] arise from the protection that the surfactant film gives during the interchannel collisions, reducing the frequency of channel fusion-fission process and, as a consequence, particle aggregation. The mean grain sizes of those particles obtained in set 1 and 2 of precipitation reactions were calculated by using data from their XRDPs and the well-known Scherrer equation, which is represented as
where d is the mean diameter of grain in nm; K is the dimensional factor (0.9); λ is the X-ray wavelength (0.154 nm); β is the line broadening at half the maximum intensity in radians, and θ is Bragg's angle. Table 2 , suggesting that the larger final particle size results from the aggregation of the ZnO smaller grains.
Conclusions
Precipitation at 70
• C in bicontinuous microemulsions containing a Zn(NO 3 ) 2 ·6H 2 O aqueous solution carried out adding an NaOH aqueous solution, allowed us to obtain ZnO nanoparticles directly, avoiding the calcination step. These particles display a predominant acicular rod-like morphology with a hexagonal wurtzite crystal structure. When NaOH solution is added by shooting, particles with average diameters and lengths around 8.5 and 30 nm, respectively, were obtained. It is thought that the surfactant film on the microemulsion channels gives some protection during interchannel collisions, decreasing particle aggregation. When the dosing time of NaOH solution was very long, larger particles with average diameters close to 20 nm and morphologies like plates, elongated plates, and spheroids, in addition to acicular morphology, were obtained. It is believed that this morphology results from one-dimensional aggregation inside of microemulsion channels. Productivities between 1.3 and 1.6 g of ZnO particles per 100 g of microemulsion were obtained, that is, much higher than those typical of ZnO preparation via reverse microemulsions.
